Introduction {#S0001}
============

Ovarian cancer is the fifth most common cause of cancer-related deaths among women in 2019, and it would affect about 22,530 new cases and cause approximately 13,980 deaths in the United States.[@CIT0001] Despite developments in cancer therapeutics, the survival rates have not been significantly improved over the past 30 years.[@CIT0002] Surgical cytoreduction and adjuvant chemotherapy are still the standard treatment for ovarian cancer, while the majority will recur due to resistance to chemotherapy and metastasis.[@CIT0003] The five-year survival rate remains low.[@CIT0004] Targeted therapies for cancer have made great progress, including anti-angiogenic drugs, poly ADP-ribose polymerase (PARP) inhibitors. They are of great significance and provide new hope for the treatment of ovarian cancer; however, the responses of most patients to them are transient, further development and advances are needed.[@CIT0005] Therefore, the research and development of targeted drugs for ovarian cancer are demanded.

In recent years, gene therapy has received enormous attention as a new therapeutic strategy in the treatment of neoplastic, genetic and infectious diseases.[@CIT0006]--[@CIT0008] The main objective of gene therapy is transferring the gene of interest into the target tissues successfully in vivo.[@CIT0009] There are two major challenges of gene therapy: the target gene and the gene delivery system.

STAT3, as a crucial member of the transcription factor family, can transfer from the cytoplasm to the nucleus and vice versa, regardless of its phosphorylation status.[@CIT0010] Constitutive activation of STAT3 has been found in nearly 70% of solid and hematological tumors,[@CIT0011],[@CIT0012] such as ovarian cancer,[@CIT0013] breast carcinoma,[@CIT0014] malignant melanoma,[@CIT0015] prostate cancer,[@CIT0016] and so on. It is reported that the constitutive activation of STAT3 plays an important role in cell proliferation, differentiation, survival and metastasis.[@CIT0017] STAT3 has been recognized as an oncogene,[@CIT0018] giving good reason for regarding STAT3 as a potential molecular target. The decoy oligodeoxynucleotides (ODN) strategy is a promising approach to inhibit STAT3. The STAT3 decoy ODN is a 15-mer double-strand oligodeoxynucleotides which mimics the STAT3 binding sequences of DNA, acting primarily by competing for binding with the activated STAT3 dimers. The STAT3 decoy ODN has shown growth suppression in human ovarian cancer, glioma cells, hepatocellular carcinoma cells, colorectal carcinoma, and non-small cell lung cancer.[@CIT0019]--[@CIT0023] The STAT3 decoy ODN brings hope for ODN-based therapy.

However, the actual effect of ODN could only be achieved when it reaches the target tissues and cells with therapeutically efficient concentration. Upon administration, ODN is suffering from nucleases, immune surveillance and endosome-lysosome trafficking before reaching the target tissues and cells.[@CIT0024] There is a pressing need to develop a delivery system that protects ODN from being degraded by nucleases and promotes the efficient translocation across the membrane barriers, leading to intracellular delivery.[@CIT0025]

Nanocarriers have been used for the treatment of various diseases including cancer.[@CIT0026] Cationic solid lipid nanoparticles (SLN) are promising delivery systems due to the biocompatibility, safety, less immunogenic, ease of mass production and capable of surface modified.[@CIT0027] Many groups have done research in SLN, and various reports have revealed that cationic SLN are promising systems for transfection; indeed, SLN are the most investigated non-viral vectors.[@CIT0028],[@CIT0029]

In our previous work, we incorporated STAT3 decoy ODN into SLN to form SLN-STAT3 decoy ODN complexes. SLN-STAT3 decoy ODN complexes could be efficiently taken up by human ovarian cells and significantly suppressed cancer cell growth. It could induce cell death and inhibit invasion in ovarian cancer cells in vitro as well.[@CIT0030] However, there is little information available so far about the effect of SLN-STAT3 decoy ODN complexes on ovarian cancer in vivo, and either little information about the pharmacological toxicology in vivo. Herein, we studied the antitumor behavior and potential mechanisms of SLN-STAT3 decoy ODN complexes in ovarian cancer on xenografted nude mice, and investigated the effects and safety of SLN-STAT3 decoy ODN complexes on the vital organs of nude mice.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Injectable soya lecithin was purchased from Shanghai Pujiang Phospholipids Co. Ltd (China). Glyceryl monostearate was purchased from Shanghai Chemical Reagent Co. Ltd (China). Cetyltrimethylammonium bromide (CTAB) was purchased from Ameresco Incorporation (USA). STAT3 decoy ODN (sequence: 5ʹ-CATTTCCCGTAAATC-3ʹ, 3ʹ-GTAAAGGGCATTTAG-5ʹ) and STAT3 scrambled ODN (sequence: 5ʹ-CATCTTGCCAATATC-3ʹ, 3ʹ-GTAGAACGGTTATAG-5) was synthesized by Sangon Biotech (Shanghai, China) as used in the previous study.[@CIT0031] McCoy's 5A medium was purchased from Sigma-Aldrich (St-Louis, MO, USA). Fetal bovine serum (FBS) was obtained from Haoyang Biological manufacture Co., Ltd, Tianjin, China. The primary antibodies against STAT3, p-STAT3 (Ser727, Tyr705), Bcl-2, Bax, caspase 3, LC3A, LC3B, E-cadherin, N-cadherin, mTOR, p-mTOR, AKT, p-AKT, Beclin-1, Snail, MMP-9, VEGR, Vimentin, were obtained from Cell Signaling Technology (Cell Signaling Technology, USA) and Survivin (R&D Systems Inc.). The anti-β-actin primary antibodies and horseradish peroxidase-conjugated second antibody were purchased from Beijing Zhong Shan Biotech Co., Ltd. Beijing, China. The enhanced chemiluminescence (ECL) Western blot reagent was obtained from Merck Millipore. The fluorometric TUNEL system was obtained from KeyGen Biotech, Nanjing, China.

Cell Line and Cell Culture {#S0002-S2002}
--------------------------

Human ovarian epithelial cancer cell line SKOV3 was obtained from Qilu Hospital Biotechnology Center, Shandong University, Jinan, China. The use of these cells was approved by the Experimental Ethics Committee of Qilu Hospital of Shandong University. SKOV3 cells were cultured in McCoy's 5A medium (Sigma-Aldrich, USA) supplemented with 10% FBS and 1% penicillin-streptomycin (Invitrogen, USA), cells were incubated in a humidified atmosphere at 37°C and 5% CO~2~.

Preparation of SLN and SLN-STAT3 Decoy ODN Complexes {#S0002-S2003}
----------------------------------------------------

The SLN and SLN-STAT3 decoy ODN complexes were prepared by the solvent diffusion method as previously reported.[@CIT0032] Briefly, acetone (2 mL) containing glyceryl monostearate (20 mg) and soya lecithin (15 mg) was injected into deionized water (20 mL) containing CTAB (15 mg) at 12 mL/h under magnetic stirring at 400 rpm at room temperature. After stirring for 12 hrs to evaporate the organic solvents, the obtained nanoparticles were collected by centrifugation at 15,000 rpm. The pellets were washed three times, filtered through a membrane with a 0.45-μm pore size, and the PH was adjusted to 7.2--7.4. Then, the obtained SLN suspensions were stored at 4°C.

STAT3 decoy ODN solution was mixed with the previously prepared SLN suspension at a fixed ratio of 1:20 (w/w) as we previously used. Then, the mixed suspensions were gently vortexed for 20 s and incubated for 20 mins at room temperature. The SLN-STAT3 decoy ODN complexes were formed finally. Transmission electronic microscopy (TEM) was performed to observe the morphology of the complexes (JEM-1200EX, Japan). The particle size and zeta potential were analyzed by photon correlation spectroscopy using a Zetasizer 3000 (Malvern Instruments, Malvern, England).

Establishment of SKOV3 Xenograft Nude Mice Models {#S0002-S2004}
-------------------------------------------------

Female nude mice (BALB/c-nu, 4--6 weeks old) were purchased from the Animal Center of China Academy of Medical Sciences (Beijing, China). SKOV3 cells (2 × 10^7^/mL) in 0.2 mL phosphate-buffered saline (PBS) were injected subcutaneously on the right dorsal flank of the nude mice. Fourteen days after injection, the mice were randomly divided into four groups with five mice in each group and independently intratumorally multi-point injected with a total volume of 100 μL of one of the following for each group: (1) PBS alone. (2) SLN-STAT3 scrambled ODN. (3) naked STAT3 decoy ODN. (4) SLN-STAT3 decoy ODN. The injections were performed every 2 days for 30 days. The tumor volume was measured by length (L) and width (W) every 4 days, and calculated from the formula: V (tumor volume) = 0.5 × L × W^2^. Blood was drawn from the mice's tail vein for the examination of blood routine, liver and renal function at 12 hrs after the final injection. Then, all of the mice were sacrificed. The tissues of tumors, heart, liver and kidney were collected. Each tumor was divided into two parts, one part frozen at −80°C for Western blot and the other part fixed in formalin and embedded in paraffin for hematoxylin and eosin staining (H&E). The research was approved by the Experimental Ethics Committee of Qilu Hospital of Shandong University. The care of laboratory animals and animal experimentation were in compliance with the recommended procedures of the National Institutes of Health guide for the care and use of laboratory animals.

Detection of Apoptosis and Autophagy {#S0002-S2005}
------------------------------------

TUNEL assay was carried out using a Fluorometric TUNEL system (KeyGen Biotech, Nanjing, China) according to the manufacturer's instructions to evaluate the effects of SLN·STAT3 decoy ODN complexes on apoptosis in the tumor tissues. The tissue sections were rinsed with PBS for 5 min following incubation with proteinase K (18 µg/mL) for 20 min, and then blocked with fetal bovine serum for 15 min at room temperature. TdT reaction mix (50 µL) was added to the sections followed by incubation in a humidified chamber for 60 min at 37°C. The sections were then rinsed with PBS and observed under a fluorescence microscope. Cells that nucleus were stained with green fluorescent were defined as positive. To quantify the positive cells, cells were counted under a microscope at ×200 magnification in five random fields. The intracellular autophagosomes were observed by TEM, according to the previously described methods.[@CIT0033],[@CIT0034]

Western Blot Assay {#S0002-S2006}
------------------

The tumor tissues were lysed in lysis buffer for Western blot assay. Equal amounts of protein were separated by SDS-PAGE and transferred onto nitrocellulose membranes (Millipore, Bedford, MA, USA). The membranes were blocked in Tris-buffered saline with 5% (w/v) non-fat dry milk and then incubated with a primary antibody (1:1000) at 4°C. After washing with TBST 3 times, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody. Immunoreactive proteins were visualized using an enhanced chemiluminescence (ECL) detection system (Pierce, Rockford, IL, USA). Band density was quantified by Image J software. The quantity of β-actin was used for internal control. The density value of each sample was normalized to its β-actin density value to get its relative quantity value.

Statistical Analyses {#S0002-S2007}
--------------------

All experiments were independently repeated at least three times. All data were analysed using GraphPad Prism version 7.0. The data with normal distribution were presented as means ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to estimate differences among the four groups. Differences between the two groups were determined by the least significant difference *t* (LSD-*t*) test. Statistical differences were marked by the following symbols: \* *P* \< 0.05; \# *P* \> 0.05; and *P* \< 0.05 was considered statistically significant.

Results {#S0003}
=======

Characterization of SLN-STAT3 Decoy ODN Complexes {#S0003-S2001}
-------------------------------------------------

SLN and STAT3 decoy ODN were successfully synthetized in our study. SLN and STAT3 decoy ODN were mixed at weight ratios (w/w), and the optimal ratio for preparing the complexes was 20:1. The mean particle size of the complexes was 101.30±11.89 nm, with a polydispersity index of 0.24±0.03. The value of the zeta potential was 20.03 ±0.93 mV. As shown in [Figure 1A](#F0001){ref-type="fig"}, both SLN and SLN-STAT3 decoy ODN complexes were spherical or ellipsoidal under TEM.Figure 1Tumor growth in nude mice in four different treatment groups. (**A**) The images of SLN (left) and SLN-STAT3 decoy ODN complexes (right) under TEM. (**B**) Nude mice with implant tumors. (**C**) Tumor growth curves showed that SLN-STAT3 decoy ODN complexes significantly inhibited tumor growth compared with the other three groups. (**D**) Tumor mass images of nude mice at the end of treatment. One mouse in PBS group died of cachexia before the end of treatment. (**E**) Average volume of tumor mass in the four treatment groups. (**F**) Average weights of tumor mass in the four treatment groups. The average tumor volume and weight of the SLN-STAT3 decoy ODN complexes group were significantly lower compared to the other three groups (\**P* \< 0.05). Data are represented as mean with SD (n = 5 mice/group).**Abbreviations:** PBS, phosphate buffer solution; SLN, solid lipid nanoparticles; ODN, oligodeoxynucleotide; TEM, transmission electronic microscopy; STAT3, signal transducer and activator of transcription 3.

SLN-STAT3 Decoy ODN Complexes Show Significant Antitumor Activities in vivo {#S0003-S2002}
---------------------------------------------------------------------------

To assess the antitumor effect of SLN-STAT3 decoy ODN on the tumor growth of ovarian cancer in vivo, SKOV3 xenograft mouse models were established ([Figure 1B](#F0001){ref-type="fig"}). Tumor growth curves as shown in [Figure 1C](#F0001){ref-type="fig"} indicated that the tumor growth was obviously inhibited in the SLN-STAT3 decoy ODN complexes treated group, compared with the other three groups. [Figure 1D](#F0001){ref-type="fig"} shows the tumor tissues of the nude mice, one mouse in the PBS group died of cachexia before the end of treatment. As presented in [Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"}, STAT3 decoy ODN treatment significantly decreased tumor volume and weight, while SLN-STAT3 decoy ODN treatment led to more obvious inhibition effects on the volumes and weights of tumors, compared to the naked STAT3 decoy ODN group (*P* \< 0.05). The results suggest that SLN-STAT3 decoy ODN markedly inhibited tumor growth in vivo.

SLN-STAT3 Decoy ODN Complexes Induce Cell Apoptosis of Ovarian Cancer in vivo {#S0003-S2003}
-----------------------------------------------------------------------------

### The Results of Fluorometric TUNEL Assay {#S0003-S2003-S3001}

To detect the cell apoptosis in the tumor tissues of the nude mice, the Fluorometric TUNEL assay was performed. Cell nuclei with green fluorescent staining were defined as apoptotic cells, as shown in [Figure 2A](#F0002){ref-type="fig"}. TUNEL assay revealed: there were 13±4 apoptotic cells/high power field (/HPF) in the PBS group, 13±3 apoptotic cells/HPF in the SLN-STAT3 scrambled ODN group, 34±4 apoptotic cells/HPF in the naked STAT3 decoy ODN group, while there were 48±8 apoptotic cells/HPF in the SLN-STAT3 decoy ODN group. The results showed that the green fluorescence in the SLN-STAT3 decoy ODN group and naked STAT3 decoy ODN group were dramatically increased, and apoptotic cells/HPF in SLN-STAT3 decoy ODN group were significantly increased than that in naked STAT3 decoy ODN group (*P* \< 0.05) ([Figure 2B](#F0002){ref-type="fig"}). Meanwhile, the tumor cells of the PBS and SLN-STAT3 scrambled ODN groups were observed with little green fluorescence, demonstrating that the two groups had little apoptosis. The results indicated that the SLN-STAT3 decoy ODN promoted apoptosis of ovarian cancer cells in vivo.Figure 2Effects of SLN-STAT3 decoy ODN complexes on cancer cell apoptosis in vivo. (**A**) Fluorometric TUNEL assay detected the cell apoptosis in the tumor tissues of the nude mice, as shown cell nuclei with green fluorescent staining were defined as apoptotic cells (×200) (n = 5 mice/group). (**B**) Compared with the PBS group, SLN-STAT3 scrambled ODN group, apoptotic cells significantly increased in naked STAT3 decoy ODN group and SLN-STAT3 decoy ODN group, while apoptotic cells in SLN-STAT3 decoy ODN group was statistical significantly more than naked STAT3 decoy ODN group (\**P* \< 0.05, ^\#^*P* \> 0.05). (**C**) and (**D**) The expression of STAT3 and p-STAT3 (Tyr705, Ser727) analyzed by Western blot assay had no significant difference among the four groups (^\#^*P* \> 0.05). (**E**) and (**F**) The expression of pro caspase 3, Bcl-2 and Survivin were down-regulated in SLN-STAT3 decoy ODN and naked STAT3 decoy ODN groups, while the expression of cleaved caspase 3 and Bax was up-regulated in them (\**P* \< 0.05).**Abbreviations:** PBS, phosphate buffer solution; SLN, solid lipid nanoparticles; ODN, oligodeoxynucleotide; HPF, high power field; STAT3, signal transducer and activator of transcription 3; Bcl2, B cell lymphoma/leukemia-2; Bax, Bcl2-associated X protein; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling assay.

### Effects of SLN-STAT3 Decoy ODN Complexes on the Expression of Apoptosis-Related Proteins {#S0003-S2003-S3002}

To further explore the possible mechanisms underlying the SLN-STAT3 decoy ODN complexes induce apoptosis, Western blot assay was performed to test the related protein expression. The results showed that the expression of STAT3 and p-STAT3 (Ser727, Tyr705) had no significant difference among the four groups ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). However, the expression levels of pro caspase 3, Bcl-2 and Survivin were down-regulated in SLN-STAT3 decoy ODN and naked STAT3 decoy ODN groups, while the expression of cleaved caspase 3 and Bax was up-regulated in SLN-STAT3 decoy ODN and naked STAT3 decoy ODN groups, especially in the SLN-STAT3 decoy ODN group ([Figure 2E](#F0002){ref-type="fig"}). The expression levels of apoptosis-related proteins were significantly regulated in SLN-STAT3 decoy ODN group (*P* \< 0.05) ([Figure 2F](#F0002){ref-type="fig"}). These results indicated that SLN-STAT3 decoy ODN was more effective in regulating the expression level of apoptosis-related proteins, thus promoting the occurrence of tumor cell apoptosis in vivo.

SLN-STAT3 Decoy ODN Complexes Induce Cell Autophagy of Ovarian Cancer in vivo {#S0003-S2004}
-----------------------------------------------------------------------------

### Autophagy Observed Under TEM {#S0003-S2004-S3001}

TEM images revealed more autophagic cells in the tumor tissues of SLN-STAT3 decoy ODN group than the other three groups, and there are multiple autophagosomes in the cytoplasm around the nucleus. Some autophagosomes had intact envelops and contain organelles and protease particles ([Figure 3A](#F0003){ref-type="fig"}).Figure 3Effects of SLN-STAT3 decoy ODN complexes on cancer cell autophagy in vivo. (**A**) TEM images of tumor tissues in four groups (Arrow: autophagy-related vacuoles) (n = 5 mice/group). (**B**) and (**C**) Western blot assay showed that the protein level of LC3A-II, LC3B-II and Beclin-1 increased in SLN-STAT3 decoy ODN and STAT3 decoy ODN groups, especially in SLN-STAT3 decoy ODN group (\**P* \< 0.05). (**D**) and (**E**) Protein level of total Akt and total mTOR were similar in the four groups, whereas the expression of p-Akt and p-mTOR significantly decreased in SLN-STAT3 decoy ODN group (\**P* \< 0.05).**Abbreviations:** PBS, phosphate buffer solution; SLN, solid lipid nanoparticles; ODN, oligodeoxynucleotide; Akt, protein kinase B; pAkt, phosphorylated protein kinase B; mTOR, mammalian target of rapamycin; p-mTOR, phosphorylated mammalian target of rapamycin; LC3, microtubules associated protein 1 light chain 3; TEM, transmission electronic microscopy; STAT3, signal transducer and activator of transcription 3.

### Effects of SLN-STAT3 Decoy ODN Complexes on the Expression of Autophagy-Related Proteins {#S0003-S2004-S3002}

Because conversion of cytosolic LC3-I to LC3-II through lipidation by a ubiquitin-like system is a classical marker of autophagosome formation,[@CIT0035] we evaluated SLN-STAT3 decoy ODN effect on the conversion of LC3-I to lipidated LC3-II in four groups. Western blot assay showed that the protein level of LC3A-II and LC3B-II increased in SLN-STAT3 decoy ODN and naked STAT3 decoy ODN groups, especially in SLN-STAT3 decoy ODN group (*P* \< 0.05) ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). SLN-STAT3 decoy ODN complexes resulted in a noticeable decrease in the expression of p-Akt and p-mTOR, whereas Beclin-1 expression increased. Protein level of total Akt and total mTOR were similar in the four groups (*P*\>0.05) ([Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}).

Effects of SLN-STAT3 Decoy ODN Complexes on the Invasion of Ovarian Cancer Cells in vivo {#S0003-S2005}
----------------------------------------------------------------------------------------

In the process of xenograft tumor resection, we found that there was heavy adhesion between tumors and peripheral tissues with no apparent limits in PBS and SLN-STAT3 scrambled ODN treated nude mice ([Figure 4Ab](#F0004){ref-type="fig"} and [c](#F0004){ref-type="fig"}). The tumor tissue boundaries were relatively clear in SLN-STAT3 decoy ODN group ([Figure 4Aa](#F0004){ref-type="fig"}). Western blot showed a downregulation of expression of VEGF and MMP9 in SLN-STAT3 decoy ODN group and naked STAT3 decoy ODN group compared with the other two groups ([Figure 4B](#F0004){ref-type="fig"}), and the difference in SLN-STAT3 decoy ODN group was more significant than that in naked STAT3 decoy ODN group (*P* \< 0.05) ([Figure 4C](#F0004){ref-type="fig"}). The expression of epithelial marker protein, such as E-cadherin was significantly up-regulated, while the expression of mesenchymal marker protein, such as N-cadherin and Vimentin were significantly down-regulated in SLN-STAT3 decoy ODN group. Similarly, the protein level of EMT related regulators, such as Snail was significantly down-regulated in SLN-STAT3 decoy ODN group (*P* \< 0.05) ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}).Figure 4Effects of SLN-STAT3 decoy ODN complexes on cancer cell invasion in vivo. (**Aa**) The tumor tissue boundaries were relatively clear in SLN-STAT3 decoy ODN group. (**Ab**) and (**Ac**) The tumor obviously invaded the surrounding connective tissue and smooth muscle tissue in PBS and SLN-STAT3 scrambled ODN groups (H&E staining, b: ×100, a and c: ×200). (**B**) and (**C**) The expression of VEGF and MMP9 were significantly down-regulated in SLN-STAT3 decoy ODN complexes group (\**P* \< 0.05). (**D**) and (**E**) The expression of mesenchymal marker proteins such as N-cadherin and Vimentin were significantly down-regulated in SLN-STAT3 decoy ODN group. Similarly, the protein level of EMT related regulators, such as Snail was significantly down-regulated in SLN-STAT3 decoy ODN group, whereas the expression of epithelial marker protein, such as E-cadherin was significantly up-regulated (\**P* \< 0.05).**Abbreviations:** PBS, phosphate buffer solution; SLN, solid lipid nanoparticles; ODN, oligodeoxynucleotide; STAT3, signal transducer and activator of transcription 3; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor; H&E, hematoxylin and eosin; EMT, epithelial-mesenchymal transition.

Pharmacological Toxicology of SLN-STAT3 Decoy ODN in Nude Mice {#S0003-S2006}
--------------------------------------------------------------

H&E staining of heart, liver and kidney in nude mice showed no obvious histopathological changes among the four treatment groups ([Figure 5A](#F0005){ref-type="fig"}). Then, we examined the effects of SLN-STAT3 decoy ODN on hematological parameters of nude mice. Results showed that the counts of white blood cell (WBC), red blood cells (RBC), hemoglobin (HGB) and platelet (PLT) were similar, with no significant statistical difference among the four treatment groups (*P* \> 0.05) ([Figure 5B](#F0005){ref-type="fig"}). Additionally, the effects of SLN-STAT3 decoy ODN on liver and kidney function in nude mice were tested. Comparisons of ALT, AST, SCr and BUN levels revealed no statistical difference among the four groups (*P* \> 0.05) ([Figure 5C](#F0005){ref-type="fig"}).Figure 5Study on pharmacological toxicology of SLN-STAT3 decoy ODN in nude mice. (**A**) H&E staining of heart, liver and kidney showed no obvious histopathological changes among the four groups (×100). (**B**) No obvious statistical difference in the count of WBC, RBC, HGB and PLT among the four groups nude mice (^\#^*P* \> 0.05). (**C**) Comparisons of ALT, AST, SCr and BUN levels of nude mice revealed no statistical difference among the four groups (^\#^*P* \> 0.05) (n = 5 mice/group).**Abbreviations:** PBS, phosphate buffer solution; STAT3, signal transducer and activator of transcription 3; SLN, solid lipid nanoparticles; ODN, oligodeoxynucleotide; H&E, hematoxylin and eosin; WBC, white blood cell; RBC, red blood cells; HGB, hemoglobin; PLT, platelet; ALT, glutamic-pyruvic transaminase; AST, glutamic oxalacetic transaminase; SCr, serum creatinine; BUN, blood urea nitrogen.

Discussion {#S0004}
==========

Studies have provided evidences for persistent activation of STAT3 presents in nearly 70% of tumors,[@CIT0036] and STAT3 is the key node in transcriptional activation downstream of cytokine or kinase action in multiple cancers.[@CIT0037] As reported, STAT3 is the best-studied family member of the JAK-STAT pathway in cancer, and is a known oncogene in various types of solid malignancies, like melanoma or lung cancer.[@CIT0038]--[@CIT0040] Overactivation of STAT3 is commonly associated with an upstream oncogenic driver, such as hyperactive mutated tyrosine kinases. The STAT3 activation in epithelial ovarian cancer (EOC) controls the properties of both tumor cells and their microenvironment, making multiple distinct functions during the progression of EOC. Increasing evidence reveals activation of the STAT3 pathway has a significant correlation with reduced survival of recurrent EOC, suggesting that STAT3 emerges as an attractive target for anti-cancer therapy.[@CIT0041] Constitutive STAT3 activation plays an important role in disrupting the normal physiological roles in regulating cell proliferation, survival, angiogenesis and immune function. Blockage of STAT3 was found to inhibit cell proliferation, induce cell death, suppress angiogenesis and stimulate immune responses. One efficient strategy to block the STAT3 pathway employs decoy ODN which mimic DNA binding consensus sequences that are combined with activated STAT3 and inhibits STAT3-responsive gene transcription in vitro and in vivo.[@CIT0042]--[@CIT0044] First-in-human trial of a STAT3 decoy ODN in head and neck tumors provides the first demonstration of a successful strategy to inhibit tumor STAT3 signaling, thereby paving the way for broad clinical development.[@CIT0045] In our previous work, we found that STAT3 decoy ODN inhibited ovarian cancer cell growth in vivo.[@CIT0031] However, transfection efficiency and bioavailability were still the problems and challenges we needed to face.

It seems that currently applied therapeutics may not be able to effectively modulate the STAT3 signaling pathway and suffer from a variety of drawbacks such as low bioavailability and lack of speciﬁc tumor targeting.[@CIT0046] The application of decoy ODN is limited, primarily owing to the lack of efficient and safe carriers to transmit the decoy ODN. For the purpose of obtaining effective decoy ODN therapeutics, the important priority is the development of a delivery system that protects the decoy ODN from degraded by the nuclease and facilitates the cellular uptake. Nanocarriers can be considered as potential candidates in cancer therapy and they can encapsulate the drug to protect it against degradation thus resulting in its enhanced bioavailability for therapeutic application. Solid lipid nanoparticles (SLN) are one of the newest members of the lipid-based nanocarriers family, and many studies demonstrating their usefulness in numerous diseases have been published.[@CIT0047],[@CIT0048] In our previous work, we had synthesized SLN as a carrier for STAT3 decoy ODN and prepared SLN-STAT3 decoy ODN complex. The SLN-STAT3 decoy ODN can produce a series of antitumor effects in ovarian cancer cells in vitro. However, the biological effects of SLN-STAT3 decoy ODN in vivo have not been well illustrated.

In the present study, we studied the antitumor behavior and potential mechanisms of SLN-STAT3 decoy ODN complexes in ovarian cancer on xenografted nude mice. Our results suggested that SLN-STAT3 decoy ODN showed more advantages compared with naked STAT3 decoy ODN. First of all, the cellular uptake of SLN-STAT3 decoy ODN complexes was significantly higher than naked STAT3 decoy ODN,[@CIT0030] this result had been reported in our previous article. Nanotechnology aims to the development of materials and structures with low size (1--1000 nm).[@CIT0049] The mean particle size of the SLN-STAT3 decoy ODN complexes in our study was only 101.30±11.89 nm, which could result in high cell uptake rate and bioavailability. Secondly, SLN-STAT3 decoy ODN had a stronger antitumor effect in vivo than naked STAT3 decoy ODN. The growth curves of xenograft nude mice revealed that the tumor growth treated with SLN-STAT3 decoy ODN was significantly inhibited than treated with naked STAT3 decoy ODN. Statistical comparison of tumor weight and volume was consistent with the above results. Thirdly, the SLN-STAT3 decoy ODN was more capable of inducing tumor cell apoptosis in vivo than naked STAT3 decoy ODN. Fourthly, SLN-STAT3 decoy ODN played a more significant role than naked STAT3 decoy ODN in regulating the target protein of the downstream signal pathway, which involved tumor apoptosis, autophagy, and epithelial-mesenchymal transition (EMT). The antitumor mechanism of SLN-STAT3 decoy ODN is further elaborated as follows:

Apoptosis is an evolutionarily conserved process that plays an essential role in organism development and tissue homeostasis. However, in pathological conditions, particularly cancer, cells lose their ability to undergo apoptosis induced death leading to uncontrolled proliferation.[@CIT0050] It is reported STAT3 decoy ODN can induce tumor cells apoptosis in vitro and in vivo.[@CIT0019],[@CIT0031],[@CIT0051],[@CIT0052] To further explore the underlying apoptosis induction mechanism of SLN-STAT3 decoy ODN in ovarian cancer in the nude mice, apoptotic proteins were determined by Western blot assay ([Figure 2](#F0002){ref-type="fig"}). The results showed a down-regulation of Bcl-2, Survivin and pro caspase 3 but an up-regulation of Bax and cleaved caspase 3 in SLN-STAT3 decoy ODN group compared with the other three groups. All the above proteins are pivotal regulators of cell apoptosis.[@CIT0053] The Bcl-2 protein functions through hetero-dimerization with pro-apoptotic members of the BH3 family to prevent mitochondrial pore formation and prevent cytochrome c release and initiation of apoptosis.[@CIT0054] Survivin inhibits apoptosis by inhibiting caspases.[@CIT0055] Caspase-3 is a central effector caspase, and cleaved caspase 3 participates in nuclear changes during apoptosis.[@CIT0056] Bax participate in pro-apoptotic signaling.[@CIT0053] SLN-STAT3 decoy ODN complexes could regulate these apoptosis-related proteins, activate the apoptotic cascade in tumour tissues, and lead to reduced tumour burden.

Autophagy serves to maintain intracellular homeostasis through a process that involves lysosomal degradation and recycling of unnecessary or damaged cellular components, and in turn promotes cell survival. Autophagy plays a complex and controversial role in tumorigenesis and the treatment of malignant tumor.[@CIT0035] Autophagy has been a mechanism of drug resistance in cancer therapy.[@CIT0057] STAT3 has been identified as a new autophagy regulator.[@CIT0058] In our study, the expression of LC3A-II and LC3B-II which are autophagosome-specific markers increased in SLN-STAT3 decoy ODN treatment nude mice. Beclin-1, Akt, and mTOR are factors that can regulate cell autophagy.[@CIT0059] We observed that the complexes resulted in a noticeable decrease in the expression of p-Akt and p-mTOR, whereas Beclin-1 expression increased. The protein level of total Akt and total mTOR was not decreased. The down-regulation of p-Akt and p-mTOR led to the inhibition of the Akt/mTOR pathway. The lack of Akt/mTOR resulted in the transcriptional activation of autophagy genes and mediated phosphorylation of proteins necessary for autophagosome formation. Beclin-1 plays an important part in controlling the initiation of autophagy and autophagosome nucleation.[@CIT0060] These results demonstrated that the SLN-STAT3 decoy ODN complexes played a role in autophagy through the Akt/mTOR pathway and regulating Beclin-1 expression in vivo.

Epithelial-mesenchymal transition (EMT) is a significant mechanism involved in the progression of cancer, and EMT plays an important role in cancer cell migratory and invasive behaviours.[@CIT0061] STAT3 activation exerts a critical influence on establishing cell polarity during directed cancer cell progression, processes significant for EMT programmes.[@CIT0062] E-cadherin is an epithelial marker, the down-regulation of E-cadherin is characteristic of the EMT process.[@CIT0063] In our study, the expression of E-cadherin was significantly up-regulated in SLN-STAT3 decoy ODN treatment group, which suggested that SLN-STAT3 decoy ODN could inhibit EMT process. Snail is a zinc-finger transcription regulator that inhibits the transcription of E-cadherin and initiates EMT.[@CIT0064] The protein level of EMT related regulators Snail was down-regulated in SLN-STAT3 decoy ODN group. Moreover, the expression of mesenchymal marker proteins such as N-cadherin and Vimentin were also significantly down-regulated in SLN-STAT3 decoy ODN group. It is well known that VEGF and MMP9 are closely related to cancer cell invasion and metastasis, our results showed the expression of VEGF and MMP9 was down-regulated in SLN-STAT3 decoy ODN treatment group. All the results indicated that the SLN-STAT3 decoy ODN complexes could reverse the EMT program, thereby inhibiting the invasion and metastasis of ovarian cancer cells in vivo.

EOC patients have a 5-year survival rate as low as 30%, because of resistance and toxicity of anti-cancer drugs. Treatment for EOC remains challenging, and there is an urgent need to develop more feasible agents exhibiting low toxicity with more distinct molecular target in order to effectively assist in the treatment of ovarian cancers. One advantage of the SLNs is that they reduce the toxicity of the therapeutic molecule that they transfer protecting them. It has been reported that general uncharged SLN have no cytotoxic effects in vitro when the lipid concentration reaches 2.5%.[@CIT0065],[@CIT0066] It is crucial to explore the toxicology of SLN-STAT3 decoy ODN. Our previous study found that naked STAT3 decoy ODN may have side-effects on the livers of the mouse.[@CIT0031] It is reported that rifampicin encapsulated into SLN resulting in low or no hepatotoxicity.[@CIT0067] In the present study, we detected the morphology of the mouse heart, liver and kidney by H&E staining. No obvious cardiac, hepatic and renal toxicity was induced by SLN-STAT3 decoy ODN. Further research showed that SLN-STAT3 decoy ODN had no significant toxic effects on hematological parameters (such as RBC, WBC, HGB, PLT, ALT, AST, SCr and BUN) of nude mice. The results indicated a value for future SLN-based gene delivery in vivo biomedical research.

Conclusion {#S0005}
==========

Our study demonstrated that STAT3 decoy ODN delivered by SLN can effectively suppress ovarian cancer cell growth in xenograft nude mice in vivo. SLN-STAT3 decoy ODN have a more obvious therapeutic effect than the naked STAT3 decoy ODN. The molecular mechanisms that SLN-STAT3 decoy ODN inhibits tumor growth involve activating the apoptotic cascade; regulating autophagy; and reversing EMT program. SLN-STAT3 decoy ODN showed no obvious toxicity on vital organs and hematological parameters of nude mice. Our study provided evidence for the gene therapy of ovarian cancer and the data indicated that SLN-STAT3 decoy ODN might be a promising therapeutic approach for ovarian cancer treatment.
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